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The effect of maternal diabetes on the foetal endocrine pancreas has been the
subject of extensive studies, but a detailed quantitative immunohistochemical
investigation is not available. This study was therefore undertaken to investigate
the effect of gestational diabetes on the morphology of foetal rat islets. Sections
were stained with anti-insulin (B cells) antibodies and were used for morpho-
metric analysis. The B cell volume density was significantly lower in the diabetic
group, while islet volume density, islet diameter, islet volume and absolute islet
cell numbers were significantly greater in the diabetic group. The B cell nuclear
diameter and volume were not significantly different in the diabetic group. The
results obtained from this investigation indicate that maternal diabetes induces
foetal islet hypertrophy and causes an increase in the total islet cell number.
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INTRODUCTION
It is believed that hyperglycaemia induces B cell
proliferation and causes an increase in the total B
cell mass. Glucose has a stimulatory effect on B cells
in vitro and in vivo, including the ability to induce
proliferation and insulin secretion of islet B cells [2,
3, 9, 10, 14, 18]. In diabetic pregnant rat the foetal
blood glucose level correlates with maternal level and
insulin synthesis and secretion of foetal pancreatic
B cells are stimulated by gestational diabetes [12,
16, 17]. Infants of diabetic mothers also show hy-
perplasia of islet B cells [10, 14].
Severe diabetes in pregnant rats was reported to
induce hypoinsulinaemia and hyperglycaemia in their
foetuses [11, 20], while mild diabetes was found to
produce intrauterine foetal B cell hyperplasia, hyper-
insulinaemia and increased foetal body weight [8,
15, 20]. It seems that foetal exposure to maternal
diabetes has a long-lasting effect. Mild diabetes dur-
ing pregnancy in rats was reported to induce a de-
crease in insulin secretion in later life [21].
Despite the extensive work on the effect of ma-
ternal diabetes on foetal endocrine pancreas, a de-
tailed quantitative immunohistochemical study has
not been reported. The application of immunohis-
tochemical techniques has allowed sensitive and clear
identification of islet B cells, which contain insulin
granules. The accurate identification of B cell gran-
ules by immunohistochemical stain in this study
would allow the performance of accurate measure-
ment of the various morphometric parameters. This
study was therefore designed to examine the effect
of maternal diabetes on foetal islet volume density,
diameter, cell number and B cell volume density. The
effect of maternal diabetes on foetal nuclear diame-
ter and volume was also assessed.
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MATERIAL AND METHODS
Animal and tissue preparation
Adult male and female Lewis albino rats aged 60 d
and weighing 180–250 g were used. The rats were
allowed free access to food and water. They were
kept at a constant temperature of 24oC and a light
cycle of 12 h on/12 h off. Virgin female Lewis rats
were made diabetic by intravenous injection of strep-
tozotocin (Sigma, St Louis, Mo., USA). The dose of
streptozotocin was 50 mg/kg. Non-fasting blood
glucose concentrations were measured to confirm
the presence of diabetes. Diabetic female rats were
mated with males and pregnancy was confirmed.
Rats of 19 and 21 days foetal age were used. Preg-
nant rats were anaesthetised by ether inhalation and
foetuses were extracted from their uteruses. Blood
glucose concentrations of the foetuses were mea-
sured. The pancreases were removed, fixed in buff-
ered neutral formalin, dehydrated, embedded in
paraplast (Sherwood Medical Co., St Louis, Mo., USA)
and sectioned serially at 5 µm. Pancreases of 19- and
21-day-old foetal rats of non-diabetic mothers were
obtained and used as controls. Six pancreases were
examined per group, with a total of 24 pancreases.
Immunohistochemical staining
Four sections, 20 sections apart, were obtained
from each specimen and stained by indirect immu-
noperoxidase method [19]. This method was used
to localise the insulin-producing B cells. The primary
antibody used was guinea pig anti-swine insulin se-
rum (optimal dilution 1:500). The secondary anti-
body used was rabbit anti-guinea pig immunoglob-
ulin conjugated with peroxidase (dilution 1:200). All
sera and antisera were obtained from Dako Corpo-
ration, Carpinteria, CA, USA. The chromogen sub-
strate used was 3, 3-Diaminobenzidine tetrahydro-
chloride (Sigma, St Louis, Mo., USA). The sections
were counterstained with Harris’ haematoxylin to
facilitate nuclear identification.
Morphometric analysis
Eight to twelve islets were examined per section
with a total of 32–48 islets per foetus. The volume
density of the islets per pancreatic tissue (Vvi) and the
volume density of B cells per islet (Vvb) were calculat-
ed by the point counting method of Weibel [23]. The
sections were examined at a magnification of ¥ 400
to estimate Vvi and at a magnification of ¥ 1000 to
estimate Vvb. The number of cellular profiles per test
area (NAc, no./µm2) was calculated by dividing the
number of cell nuclei profiles per islet profile by the
islet profile’s area. The nuclei were counted by di-
rect counting method at a magnification of ¥ 1000.
A variant of DeHoff and Rhines formula [24] was
used to calculate the numerical density of the cells
per unit volume of islet (Nvc, no./µm3).
•••••
•
••••
•
••
••
where NAc represents the number of nuclear pro-
file per unit area estimated in sections of thickness t
and ••  represents the mean corrected nuclear di-
ameter. The absolute number of total cells per islet
was estimated by multiplying Nvc by islet volume.
A graticule of a calibrated linear scale was used
to measure the major (a) and minor (b), at a right
angle to (a), axes of the islet. The islet profile diam-
eter was calculated from the equation di = 2÷ab [24].
The mean axial ratio of the islets was calculated. On
the assumption that the islets are spheroid struc-
tures, the formula of Fullman [24] was used to cal-
culate the mean islet diameter ••• • .
•••••••••••••••
••••
•
•••••• ×
π
where N represents the total profiles measured.
The B cell nuclear profile diameter (dn) was mea-
sured by similar steps. Fifty nuclei were measured
per slide at a magnification of ¥ 1000. The Aber-
crombic method [24] was used to calculate the cor-
rected mean nuclear diameter ••• • .
π×••••••••• ••
The mean islet volume and the mean B cell nu-
clear volume were calculated from the mean cor-
rected islet diameter ••• •  and mean corrected nu-
clear diameter ••• •  [24].
•••••••••••••• ×π
Statistical analysis
The data were analysed statistically by Student’s
t-test. All the statistical computations were made us-
ing the statistical packages SPSS and Excel. The dif-
ference was considered as significant when p < 0.05.
RESULTS
Maternal blood glucose level was 357 ± 50 mg/dl
and foetal blood glucose level was 414 ± 5 mg/dl.
The mean islet axial ratios of 19- and 21-day-old foetus-
es were 1.24 ± 0.03 and 1.17 ± 0.04 respectively. The
mean nuclear axial ratios of 19- and 21-day-old foet-
uses were 1.11 ± 0.03 and 1.10 ± 0.03 respectively.
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The mean volume density of the islets per pan-
creatic tissue (Vvi), the mean volume density of B cells
per islet (Vvb), the mean islet diameter, the mean is-
let volume and the mean absolute number of total
cells per islet of 19-day-old control and diabetic
groups are shown in Table 1. It was observed that
the mean volume density of the islets per pancreatic
tissue (Vvi,), the mean islet diameter, the mean islet
volume and the mean absolute number of total cells
per islet of the diabetic group were significantly
greater than the corresponding values of the con-
trol group (p < 0.05). The volume density of B cells
per islet (Vvb) of the diabetic group was significantly
lower than that of the control group (p < 0.05).
At day 21 of gestation, the mean volume density
of the islets per pancreatic tissue (Vvi,), the mean islet
diameter, the mean islet volume and the mean abso-
lute number of total cells per islet of the diabetic group
were significantly greater than the corresponding
values of the control group (p < 0.05). The volume
density of B cells per islet (Vvb) of the diabetic group
was significantly lower than that of the control group
(p < 0.05). Table 2 shows these mean values.
The volume density of the islets (Vvi), the islet di-
ameter, the islet volume, the volume density of B
cells (Vvb) and the absolute number of total cells per
islet increased from day 19 to day 21 of gestation in
control and diabetic group (Tables 1 and 2).
At 19 and 21 days of gestation, the mean B cell
nuclear diameter and volume of the diabetic group
did not vary significantly from the corresponding
values of the control group (p > 0.05). These mean
values are shown in Tables 3 and 4.
Table 1. Volume density of the islets per pancreatic tis-
sue, volume density of B cells per islet, islet diameter,
islet volume and absolute number of total cells per islet of
19-day-old control and diabetic foetuses (n = 6)
Control group Diabetic group
Volume density 0.0381 ± 0.004 0.0588 ± 0.003*
of the islets per
pancreatic tissue (Vvi)
Volume density 0.376 ± 0.03 0.233 ± 0.01*
of B cells per
islet (Vvb)
Islet diameter [µm] 41.1 ± 1.4 58.3 ± 3.1*
Islet volume [µm3] 39261 ± 2771 108954 ± 16712*
Number of total 119 ± 20.2 195 ± 21.5*
cells/islet
Values are presented as mean ± SEM; *p < 0.05, diabetic group v. control group
Table 2. Volume density of the islets per pancreatic tis-
sue, volume density of B cells per islet, islet diameter,
islet volume and absolute number of total cells per islet of
21-day-old control and diabetic foetuses (n = 6)
Control group Diabetic group
Volume density 0.0488 ± 0.006 0.0696 ± 0.003*
of the islets
per pancreatic tissue (Vvi)
Volume density 0.525 ± 0.03 0.332 ± 0.01*
of stained B cells
per islet (Vvb)
Islet diameter [µm] 64.9 ± 5.7 93.7 ± 2.3*
Islet volume [µm3] 171240 ± 43313 437075 ± 31763*
Number of total 281 ± 42.4 463 ± 51.5*
cells/islet
Values are presented as mean ± SEM; *p < 0.05, diabetic group v. control group
Table 3. B cell nuclear diameter and volume of 19-day-old
control and diabetic foetuses (n = 6)
Control group Diabetic group
Nuclear diameter [µm] 6.76 ± 0.14 6.66 ± 0.4NS
Nuclear volume [µm3] 162 ± 10 160 ± 28.7NS
Values are presented as mean ± SEM; NS: p > 0.05, diabetic group v. control
group
Table 4. B cell nuclear diameter and volume of 21-day-old
control and diabetic foetuses (n = 6)
Control group Diabetic group
Nuclear diameter [µm] 6.62 ± 0.34 7.14 ± 0.08NS
Nuclear volume [µm3] 156 ± 22.6 191 ± 6.9NS
Values are presented as mean ± SEM; NS: p > 0.05, diabetic group v. control
group
Numerous scattered small islets were found in
the exocrine pancreas of 19- and 21-day-old dia-
betic foetuses (Fig. 1). At 19 and 21 days of gesta-
tion, the islets of the diabetic and control groups
were nearly rounded, well defined and the B cells
occupied the central part of the islet (Fig. 2–5).
DISCUSSION
The results reported here show that islet diame-
ter and islet volume of the diabetic group at 19 and
21 days of gestation were significantly greater than
the corresponding values of the control group. This
may be due to hypertrophy of pancreatic islets and
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Figure 2. Light micgrograph of pancreatic islet (I) of
19-day-old control foetus stained with indirect immu-
noperoxidase method to demonstrate insulin produc-
ing B cells. ¥ 200.
Figure 3. Light micrograph of pancreatic islet (I) of
19-day-old diabetic foetus stained with indirect im-
munoperoxidase method to demonstrate insulin pro-
ducing B cells. ¥ 200.
Figure 4. Light micgrograph of pancreatic islet (I) of
21-day-old control foetus stained with indirect immu-
noperoxidase method to demonstrate insulin produc-
ing B cells. ¥ 200.
Figure 1. Light micrograph of small pancreatic islets
(S) of 21-day-old diabetic foetus stained with indirect
immunoperoxidase method to demonstrate insulin
producing B cells. ¥ 400.
Figure 5. Light micrograph of pancreatic islet (I) of
21-day-old diabetic foetus stained with indirect im-
munoperoxidase method to demonstrate insulin pro-
ducing B cells. ¥ 200.
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a rise in the total number of islet cells, which are
caused by the stimulatory effect of hyperglycaemia
present in the diabetic foetal group. This increase
in B cell number may be a mechanism to increase
insulin secretion in response to glucose stimulation.
Previous studies reported similar findings. Aerts and
Van Assche [2] reported that the endocrine pancre-
as of foetuses and newborn rats of diabetic mothers
shows morphological and ultrastructural changes of
hypertrophy and hyperplasia. Milner et al. [13] dem-
onstrated that the addition of glucose and amino
acids to the organic culture of foetal rat pancreas
causes an increase in insulin granule diameter. Mil-
ner et al. [14] reported that foetal islet B, A and PP
cells of diabetic mothers show hyperplasia. They sug-
gested that foetal hyperglycaemia in early pregnan-
cy has a trophic effect on the stem cells, which de-
velop into B, A or PP cells. Scharfmann et al. [18]
and Kaung [10] reported that glucose stimulates
B cell proliferation and causes an increase in B cell
population size of cultured foetal and neonatal rat
pancreases. Bernard et al. [3] and Hue-Lee [9] dem-
onstrated that glucose stimulates beta cell prolifer-
ation and causes an increase in beta cell volume in
foetal culture. In the present investigation most of
the parameters of the diabetic and control groups
increased from day 19 to day 21 of gestation. This
can be due to growth of foetal endocrine pancreas.
To avoid any effect of streptozotocin on foetal pan-
creas the drug was injected one week before mating.
The amount of foetal endocrine tissue per total
pancreatic tissue of the diabetic group, which is rep-
resented by the volume density of the islets, was sig-
nificantly greater than that of the control group at
19 and 21 days of gestation. This result may suggest
that hyperglycaemia stimulates the proliferation of
the cells in the endocrine pancreas. It may also sug-
gest that the endocrine pancreas of diabetic foetus-
es appears earlier than that of the control group.
This confirms the data of previous publications [2,
5, 6]. On the other hand, the volume density of islet
B cells of diabetic group at 19 and 21 days of gesta-
tion was significantly lower than that of the control
group. This finding may be due to the rise of the
islet volume with the unchanged B cell number. It
may also be due to the degranulation of islet B cells
caused by severe foetal hyperglycaemia. These find-
ings are in agreement with those of Eriksson and
Swenne [4], Verhaeghe et al. [22], Abdel-Rahman et
al. [1] and Fu et al. [5].
The absolute number of total cells per islet of
diabetic group was significantly greater than that of
the control group. This is in agreement with the in-
crease in islet diameter and volume found in the di-
abetic group.
The mean B cell nuclear diameter and volume
were not significantly different in the diabetic
group. It seems that maternal diabetes does not
have any effect on B cell nuclear diameter or vol-
ume. Scattered small islets formed of few cells were
observed in the exocrine part of diabetic foetal pan-
creases (Fig. 1). The presence of these islets may be
due to the effect of marginal (tangential) section
of the large islets. A similar finding was reported
by Grasso et al. [7].
In conclusion, the results reported in this study
suggest that maternal diabetes induces foetal islet
hypertrophy and causes an increase in total islet cell
number. They further show that gestational diabe-
tes does not seem to affect B cell nuclear diameter
or volume.
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